JASMONATE ZIM-domain (JAZ) family proteins are involved in regulating diverse biological processes in plants. However, their functions have not been well characterized in cotton (Gossypium spp.). In the present study, 13, 15, 25 and 30 JAZ genes were identified in Gossypium arboretum, Gossypium raimondii, Gossypium barbadense and Gossypium hirsutum, respectively, based on gene homology. Selection and variation analyses showed that the single nucleotide polymorphism (SNP) density of GhJAZ genes in wild species was much higher than that in domesticated species. Expression pattern analysis showed that all the GhJAZ genes are expressed in at least one tissue and respond to one or more stress factors, as well as being induced by some phytohormones. The co-expression network indicated that GhJAZ genes might mediate multiple stress response pathways. Yeast two-hybrid (Y2H) experiments showed extensive interactions among GhJAZ proteins, including homo-and heteromeric interactions. Overexpressing one member of the JAZ gene family, GhJAZ2 (Gh_D06G0810), significantly enhanced sensitivity to salt stress in transgenic cotton. Transcriptome analysis indicated that GhJAZ2 regulates stress responses possibly by participating in a-linolenic acid metabolism and jasmonate signaling, and is involved in the repression of GhMYC2 regulated by GhJAZ2. Our data provide important clues for further elucidating the functions of JAZ genes in cotton.
Introduction
Cotton (Gossypium) is the most important natural textile fiber crop worldwide. However, multiple abiotic stresses, such as drought, salt and cold, seriously limit its growth and productivity. The phytohormone jasmonate (JA) and its derivatives are known to take part in biotic and abiotic stress responses as well as in various developmental process, such as root growth, seed germination, trichome initiation and leaf senescence (Hu et al. 2017) . JA biosynthesis is initiated by the release of a-linolenic acid through hydrolysis of the chloroplast membranes by phospholipases. It is noteworthy that a lot of stresses are known to induce JA biosynthesis and signaling transduction in plants (Dar et al. 2015) . Genes related to JA biosynthesis and signaling transduction, such as 13-LOX, AOS, AOC and JAZ genes, are induced by stresses (Ahmad et al. 2016) .
JASMONATE ZIM-domain (JAZ) is a subfamily of plant-specific TIFY protein family that is characterized by a TIF[F/Y]XG motif within a larger ($28 amino acids) conserved region known as the ZIM (or TIFY) domain (Pauwels and Goossens 2011) . The JAZ proteins were identified as the transcriptional repressors of JA signaling, and these proteins spurred remarkable progress in understanding how JAs regulate large-scale changes in gene expression in model plants (Chini et al. 2007 , Thines et al. 2007 , Yan et al. 2007 ). There are 13 JAZ family mebers identified in Arabidopsis, 12 of them (AtJAZ1-AtJAZ12) containing well-conserved ZIM and Jas (JA-associated) domains, while one member (AtJAZ13) shows divergent domains (Staswick 2008 , Thireault et al. 2015 . The ZIM domain mediates the interaction with Novel Interactor of JAZ (NINJA), which recruits the transcriptional co-repressor TOPLESS (TPL) and TPL-related proteins (TPRs) through a conserved ERF-associated amphiphilic repression (EAR) domain (Pauwels et al. 2010, Pauwels and Goossens 2011) . There are four JAZ members containing the conserved EAR or EAR-like domain in the N-terminal region, enabling them directly to recruit TPL/TPRs to transcription factors independent of NINJA (Ke et al. 2015) . Previous studies confirmed that JAZ5, JAZ7 and JAZ8 recruit TPL through the conserved EAR motif (Thatcher et al. 2016 ). In addition, JAZ proteins exhibit homo-and heteromeric interactions mediated by the ZIM domain, and these JAZ-JAZ interactions occur in a hormone-independent manner (Chini et al. 2009, Pauwels and Goossens 2011) .
The Jas domain is characterized by an S-L-X(2)-F-X(2)-K-R-X(2)-R core and appears in the C-terminal region, mediating the hormone-dependent interaction of JAZ with COI1 as well as the interaction with most transcription factors Goossens 2011, Kumar et al. 2016) . The Jas motif has a bipartite structure consisting of a conserved a-helix that provides an anchor for docking the JAZ protein to COI1 and a loop region for assembling with the COI1-jasmonate complex (Sheard et al. 2010) . Most of the Arabidopsis JAZ members contain a conserved intron that splits the Jas motif into 20 Nterminal and seven C-terminal (X5PY) amino acid residues; the Jas intron is highly conserved in JAZ-related genes from diverse plant species (Chung et al. 2010) . JAZ10.4 is an alternative splice form of the JAZ10 protein with a complete deletion of the Jas domain. JAZ10.4 fails to bind COI1 but can still bind to MYC2 by a CMID domain that contains a nine amino acid sequence (FQKFLDRRR) that strongly resembles the core of the Jas motif. Overexpression of JAZ10.4 represses the JA signal output (Moreno et al. 2013) .
In Arabidopsis, MYC2 was the first transcription factor identified which could interact with JAZ proteins and initiate JA signaling (Lorenzo et al. 2004 , Chini et al. 2007 ). The JAZ proteins block the activity of MYC2 in the absence of bioactive JAs by recruiting the general co-repressor TPL and TPRs through the interaction with the adaptor protein NINJA. Alternatively, JAZ proteins can be degraded by the SCF COI1 (Skp1/Cullin/FboxCOI1) complex, releasing MYC2 in a bioactive JA-(JA-Ile) dependent manner (Thines et al. 2007 , Pauwels et al. 2010 . Other MYC2 homologs, such as MYC3, MYC4 and MYC5, are also found to interact with JAZ proteins in Arabidopsis (Cheng et al. 2011 , Fernandez-Calvo et al. 2011 , Niu et al. 2011 . JAZ proteins also interact with other basic helix-loop-helix (bHLH) proteins, such as GL3, EGL3, TT8, ICE1 and ICE2, via the Jas domain , Chini et al. 2016 ). In addition, several JAZ proteins interact directly with the R2R3 MYB and WRKY proteins, such as MYB21, MYB24, MYB57 and WRKY57 , Jiang et al. 2014 .
With these extensive interactions, JAZ proteins play an important role in JA signaling transduction and in the cross-talk between JA and other phytohormones. DELLA proteins, known as repressors of the gibberellin pathway, interact with JAZ proteins to regulate plant growth and defense (Hou et al. 2010) . The interaction between JAZ and MYC2 also plays an important role in the JA cross-talk with other phytohormones, such as ABA, salicylic acid, gibberellins and auxin (Kazan and Manners 2013) .
JAZ proteins also play important role in the response to biotic stress, development and fiber initiation in cotton. GbWRKY1 acts through binding TGAC core sequences to transactivate JAZ1, and this process mediates plant defense during infection of cotton by Verticillium dahliae (Li et al. 2014) . The R2R3-MYB transcription factor GhMYB25-like is a positive regulator for fiber cell differentiation and initiation, and GhJAZ2 interacts with GhMYB25-like to suppress GhMYB25-like transcriptional activation activity to regulate fiber initiation in cotton ). Up to now, there have been very few reports about JAZ-regulated responses to abiotic stresses in cotton. Recently, TIFY family genes were identified in genome-wide studies in both diploid and tetraploid cotton species (He et al. 2015 , Sun et al. 2017 . However, more research is needed to understand the biological functions and mechanisms of JAZ genes in cotton. The available data of four sequenced cotton species and some public transcriptome data sets have made possible the genome-wide identification and comprehensive analysis of the JAZ gene family, which is an essential step in elucidating the molecular mechanisms of JAZ-mediated stress responses in cotton.
Here, we performed a genome-wide screen for JAZ genes in four cotton species, and analyzed their phylogenetic relationship, expression patterns, genetic variation, co-expression networks and protein interactions. RNA sequencing (RNA-Seq) results showed that GhJAZ2 negatively regulates a-linolenic acid metabolism and JA signaling, and this regulation partly depends on the interaction between GhJAZ2 and GhMYC2. Furthermore, transgenic cotton overexpressing GhJAZ2 showed significantly enhanced sensitivity to salt stress. Our studies provide a foundation for understanding the molecular regulation of JA signaling and stress responses mediated by JAZ genes in cotton.
Results
Genome-wide identification of JAZ family genes in Gossypium spp.
We identified 13, 15, 25 and 30 JAZ genes in Gossypium arboretum, Gossypium raimondii, Gossypium barbadense and Gossypium hirsutum, respectively (Supplementary Table S1 ). Multiple sequence alignment analysis showed that the coding sequences of all the identified JAZ genes possessed conserved ZIM and Jas domains ( Supplementary Fig. S1 ). To gain insights into the evolutionary relationships, we constructed a phylogenetic tree of JAZ proteins in Gossypium. The results showed that all the JAZ proteins could be clustered into six groups (I-VI), and JAZ genes of each cotton species were randomly distributed (Fig. 1A) .
We examined the distribution and duplication of JAZ genes in two diploid cotton species (G. raimondii and G. arboretum) and one allotetraploid cotton species (G. hirsutum). These genes were unevenly distributed among nine chromosomes of the D, At and Dt subgenomes, and JAZ genes in G. arboretum were unevenly distributed among eight chromosomes of the A subgenome ( Fig. 1B; Supplementary Fig S2; Supplementary Table S2 ). In G. hirsutum, two genes (GhJAZ1 and GhJAZ24) have no distinct chromosome location and could not be accurately mapped. More GhJAZ genes were distributed on chromosomes A05 and D05 than on the other chromosomes ( Supplementary Fig. S2 ). In addition, there were 14 and 15 duplicated gene pairs identified from At to A2 and Dt to D5, respectively, and genes in each duplicated pair had a high similarity index (Supplementary Table S3 ). In G. hirsutum, 30
GhJAZ genes formed 15 homologous gene pairs equally from the A and D subgenomes. Two genes of each homologous pair showed great similarity to each other, based on their protein sequence and gene structure (Supplementary Fig. S3A ; Supplementary Table S3) .
Gene structure analysis is an important method for studying genetic evolution. All the GhJAZ genes contained at least three exons, while members of subfamily VI had seven exons ( Supplementary Fig. S3A ). It is noteworthy that structural similarities were conserved in the same subfamily of JAZ genes in G. hirsutum. We determined numerous characteristics of GhJAZ proteins, including the amino acid residue numbers, i.e. 119-371, the isoelectric point (pI), 5.69-10.25 and the mol. wt. 13.66-39.5 kDa (Supplementary Table S4 ). Fourteen GhJAZ proteins have the degron sequence LPIARR, and 10 Supplementary Fig. S3B ). In addition, six GhJAZ proteins contained a highly conserved EAR motif (LELRL), suggesting that these JAZ members may not require NINJA to recruit TPL ( Supplementary Fig. S3C ).
We explored the molecular evolutionary properties of JAZ genes in G. hirsutum and two diploid cotton species (Supplementary Table S5 ). We calculated non-synonymous (Ka) and synonymous (Ks) substitution rates for understanding evolutionary dynamics of protein-coding sequences across closely related and diverged species. The ratio Ka/Ks indicates neutral mutation when Ka equals Ks (Ka/Ks = 1), purifying (or negative) selection is when Ka is less than Ks (Ka/Ks < 1) and positive (or diversifying) selection is when Ka exceeds Ks (Ka/ Ks > 1) (Hurst 2002) . The overall Ka/Ks ratios were <1 in the intergenomic (At and Dt) and intragenomic (A2 and At or D5 and Dt) contrasts, suggesting that purifying selection of JAZ genes occurred in both diploid and polyploid cotton species (Fig. 1C) . Furthermore, the average Ka and Ks values were higher in intergenomic contrasts than in the intragenomic contrasts ( Supplementary Fig. S3D ).
Domestication and variation analysis of JAZ genes in G. hirsutum Gossypium hirsutum is a cotton species cultivated throughout the world, with both natural selection and domestication playing important roles in its development as a crop. Here, we describe genetic variation between wild cotton and cultivated cotton, focusing on genes linked to stress responses. Previously, we collected the re-sequencing data from 31 wild cotton and 321 domesticated upland cotton plants. We calculated the single nucleotide polymorphism (SNP) density in the gene body, in sequences 2 kb upstream and 2 kb downstream of each GhJAZ gene in this population using re-sequencing data (Fig. 1D) . Our results show that the SNP density of wild cotton is higher than that of cultivated cotton. The SNP density in the 2 kb upstream sequence of the D subgenome is much higher than that of the A subgenome, while the SNP density in the gene body of the A subgenome is higher than that of the D subgenome. The SNP numbers were analyzed in the gene body region in the wild species as well as in the domesticated species (Supplementary Table S6 ). We found 18 GhJAZ gene members that had at least one SNP in the wild species, and the SNPs of eight GhJAZ genes occurred in the exon region, while nine GhJAZ genes had SNPs in the domesticated species, and the SNPs of four genes occurred in the exon region. Interestingly, most of the genes with SNPs in exons were derived from the A subgenome, belonging to subfamilies I and V. The largest number of SNPs (42) was found in GhJAZ16 in wild cotton. However, no SNPs were found in the cultivated cotton. A highly conserved gene, GhJAZ4, had no SNPs in the wild cotton, but two SNPs occurred in the exon region of this gene in the domesticated cotton. These results indicate that domestication might play an important role in the variation of these genes.
Cis-element analysis of JAZ genes in G. hirsutum Transcriptional control is an important way of regulating gene expression, and cis-elements play a key role in this process. We selected the 1.5 kb upstream sequence of the start codon of each JAZ gene and analyzed the cis-elements using the PLANTCARE database (Lescot et al. 2002) . The results showed that some cis-elements were predicted to be involved in stress and phytohormone responses (Supplementary Table  S7 ). Our results demonstrate that 19 GhJAZ gene promoters possess at least one ABA-responsive element (ABRE), 16 possess a gibberellin-responsive element (GARE), 18 a methyl jasmonate (MeJA)-responsive element (TGACG-motif), 16 a salicylic acid-responsive element (TCA-element) and 12 an ethyleneresponsive element (ERE). Heat stress response element (HSE) and MYB-binding site (MBS) cis-elements, which respond to heat and osmotic stresses, are also present in most of the GhJAZ promoters. Almost all the GhJAZ gene promoters possess at least one G-box cis-element, which is involved in JA signal transduction and the light response. In addition, the cis-elements present in the GhJAZ gene promoters are conserved between homologous gene pairs. Our results suggest that GhJAZ genes might play an important role in the phytohormone signaling transduction and stress response in cotton.
Homo-and heteromeric interaction of GhJAZ proteins
Some JAZ proteins in Arabidopsis exhibited homo-and heteromeric interactions mediated by the ZIM domain (Chini et al. 2009, Pauwels and Goossens 2011) . We found that all the GhJAZ proteins contain a conserved ZIM domain. Yeast two-hybrid (Y2H) experiments were performed to determine whether these proteins interact with each other to form homo-or heterodimers. Due to the high similarity between the nucleotide sequences of the homologous genes and some low expression genes, we cloned 10 genes and tested all possible combinations (100) among 10 GhJAZ proteins (GhJAZ2, GhJAZ5, GhJAZ7, GhJAZ11, GhJAZ12, GhJAZ14, GhJAZ21, GhJAZ24, GhJAZ26 and GhJAZ29) in Y2H assays. As shown in Fig. 2A , some of the GhJAZ proteins showed homo-or heterodimeric interactions, with the intensity of interaction determined by X-a-Gal (5-bromo-4-chloro-3-indoxyl a-D-galactoside) activity. Out of the 10 proteins, three of them exhibited homodimer interactions, in which GhJAZ2 and GhJAZ5 strongly interacted as homodimers, while GhJAZ14 had a weak homomeric interaction.
Heteromeric interactions were observed among all of the 10 GhJAZ proteins, even though several combinations showed no interactions ( Fig. 2A ). There were five proteins (GhJAZ2, GhJAZ5, GhJAZ7, GhJAZ11 and GhJAZ29) that interacted with at least five selected GhJAZ members, whether they worked as prey or bait. As a prey, GhJAZ14 interacted extensively with other members, but these interactions were weakly observed with GhJAZ14 as the bait. Not surprisingly, some of the homologous proteins, such as GhJAZ2 and GhJAZ5, GhJAZ14 and GhJAZ24, showed the same interaction patterns. However, other homologous proteins behaved differently from the above-mentioned interaction patterns, i.e. GhJAZ7 had high homology with GhJAZ29 but differed in its interaction patterns. In addition, GhJAZ21, with high homology to GhJAZ11, showed almost the same interaction pattern when used as the bait, but GhJAZ21 showed a significant difference when used as the prey.
To identify the domain responsible for dimerization, we selected GhJAZ2 for further study. According to the conserved domains (N-terminal, ZIM or Jas domain), this protein was divided into five truncated derivatives and introduced into a
Interactions between GhJAZs and GhMYC2, GhMYC2a and GhNINJA To verify whether there are similar interactions in cotton compared with Arabidopsis, we expressed two genes homologous to AtMYC2, named GhMYC2 and GhMYC2a, in a P GADT7-Rec vector. These two proteins contained the conserved JAZ interaction domain (JID) ( Supplementary Fig. S4A ). Y2H results showed that GhMYC2a strongly and extensively interacted with most of the GhJAZ proteins, while GhMYC2 only interacted strongly with GhJAZ2 and GhJAZ10 (Fig. 3A, B) .
There are four genes encoding the NINJA homolog in the cotton genome (Gh_D05G0252, Gh_A05G3951, Gh_D06G0638 and Gh_A06G0564) ( Supplementary Fig. S4B ), and a conserved C domain of these genes has been reported to be the domain that interacts with JAZ in Arabidopsis (though Gh_A06G0564 does not contain this domain). We selected GhNINJA (Gh_D05G0252) for further study and found that it interacts with GhJAZ2, GhJAZ11, GhJAZ12, GhJAZ14, GhJAZ21, GhJAZ24 and GhJAZ26 (Fig. 3C ).
Expression patterns and co-expression network analysis of GhJAZ genes
The expression of JAZ family members in different tissues/organs was investigated using transcriptome data sets of G. hirsutum collected from different tissues/organs, including the root, stem, leaf, petal, anther, stigma, ovule, seed and fiber (Zhang et al. 2015) . All the GhJAZ genes were expressed at least in one tissue, and 13 genes (GhJAZ2, GhJAZ5, GhJAZ9, GhJAZ10, GhJAZ11, GhJAZ15, GhJAZ16, GhJAZ18, GhJAZ20, GhJAZ21, GhJAZ25, GhJAZ29 and GhJAZ30) were expressed in all tissues [FPKM (fragments per kilobase of transcript per million mapped reads) ! 1] (Fig. 4A) . Moreover, nine genes (GhJAZ2, GhJAZ5, GhJAZ8, GhJAZ9, GhJAZ10, GhJAZ11, GhJAZ21, GhJAZ23 and GhJAZ25) were highly expressed (FPKM ! 30) in the root and 13 (GhJAZ2, GhJAZ5, GhJAZ10, GhJAZ11, GhJAZ12, GhJAZ15, GhJAZ16, GhJAZ20, GhJAZ21, GhJAZ25, GhJAZ26, GhJAZ29 and GhJAZ30) were highly expressed (FPKM ! 30) in the stem, while most genes were expressed at low levels in fibers at 20 d postanthesis. Interestingly, further analysis showed a relationship between the tissue expression and evolution of GhJAZ genes. Most of the genes belonging to the I, II and IV subfamilies were highly expressed in the stem, while most of the genes which belong to subfamily V were highly expressed in the anther. Surprisingly, genes in subfamily VI have close phylogenetic relationships, but they showed an irregular tissue/organ expression pattern with each homologous gene pair (Fig. 4A) .
Given the potential that GhJAZ genes might play an important role in response to environmental stresses in cotton, we investigated the expression patterns of GhJAZ genes under abiotic stresses using transcriptome data sets of G. hirsutum treated with heat, salinity, cold and polyethylene glycol (PEG) (Zhang et al. 2015) . All the genes exhibited altered expression in response to one or more stress factors (Fig. 4B) . Of the four treatments, heat and salinity stresses induced relatively more fluctuations in the transcript abundance of GhJAZ gene than did the cold and PEG stresses. Most of the genes induced by heat stress were also induced by salinity stress, indicating that GhJAZ genes may exert similar biological functions in response to these two kinds of stresses. Fourteen GhJAZ genes were significantly induced (treatment RPKM/control RPKM ! 2) by the salinity treatment from 3 to 6 h, and the highest increase (32-fold) was observed for GhJAZ12 (Fig. 4B) . Furthermore, the transcription of all subfamily I genes was significantly induced by salinity stress. Some genes showed interesting expression profiles. For example, the expression of GhJAZ24 from subfamily V was only induced by cold treatment at 3 h, indicating that it might play an important role in cotton against cold stress.
Co-expression network analysis is one of the powerful measures for predicting gene functions and functional modules (Yoo et al. 2016) . Five JAZ genes, GhJAZ2, GhJAZ3, GhJAZ7, GhJAZ17 and GhJAZ21, that come from different subfamilies were selected for this study. As a result, a total of 180 co-expressed differentially expressed genes (DEGs) were detected; most DEGs were involved in stress response ( Fig. 4C; Supplementry Fig.  S5 ). However, there were obvious differences among the coexpression networks of the five genes. GhJAZ7 had the largest number of co-expressed genes, whereas GhJAZ3 had the least ( Supplementary Fig. S5 ). In addition, some JAZ genes had intimate co-expression relationships, such as GhJAZ7 and GhJAZ20, and GhJAZ21 and GhJAZ25. Surprisingly, there were no overlap of genes among all of the five co-expression networks. Our results indicated that GhJAZ genes might mediate several pathways to allow cotton responses to stress.
We verified the expression of GhJAZ genes under 200 mM NaCl simulating salt stress, via quantitative reverse-transcription-PCR (qRT-PCR). The results showed that the selected GhJAZ genes induced by NaCl in the transcriptome databases were confirmed by the qRT-PCR results. These selected genes significantly increased and reached a peak at 4 h after salt treatment (Fig. 4D) .
GhJAZ gene response to phytohormones and hydrogen peroxide (H 2 O 2 )
Phytohormones and reactive oxygen species (ROS) play an important role in various biological functions when plants are subjected to abiotic stresses. We explored the expression of GhJAZ genes in response to JA, ABA and H 2 O 2 . Due to the high similarity between the nucleotide sequences of the homologous genes, we designed 16 pairs of specific primers for each of the selected genes to detect their expression by qRT-PCR. Our results show that the transcript levels of all the selected genes are highly induced by MeJA compared with the control, while the highest increase (167-fold) was observed for GhJAZ14, suggesting that GhJAZ genes participate in the regulation of the JA signal transduction (Fig. 5A) . Some of the selected genes were also significantly induced by ABA and H 2 O 2 during the early stages of treatment (Fig. 5B, C) . The TM-1 transcriptome data sets were obtained from the NCBI and its expression abundances were checked in various tissues as well as under abiotic stresses; the heatmap analysis was performed and the expression values were normalized using Genesis. (C) The co-expression network with the gene expression view of GhJAZ genes displays DEGs in the abiotic stress treatment. GhJAZ2 and GhJAZ21 were used to present regulatory modules under different stresses. The pink nodes are cotton JAZ genes, the blue nodes represents the DEGs under stress treatments and the gray lines between two nodes indicate a co-expression relationship. (D) The expression of the selected GhJAZ genes under 200 mM NaCl simulated salt stress by qRT-PCR. The GhUBQ7 (GenBank accession No. DQ116441) was used as the internal control to calculate and normalize the expression levels. Three independent experiments were performed; the error bars indicate the SDs. Asterisks indicate significant differences, *P 0.05, **P 0.01, Student's t-test.
GhJAZ2 participates in a-linolenic acid metabolism and JA signaling in cotton By integrating the expression patterns in response to abiotic stresses and phytohormones, GhJAZ genes might play important roles in stress response. For further analysis, we selected GhJAZ2 which has been reported to be a negative regulator of fiber initiation in cotton ).
We performed RNA-Seq analysis using a control (YZ1) and a transgenic overexpression line (J39), using seedling leaves (Supplementary Table S8 ). Among the 273 DEGs, 204 were down-regulated and 69 were up-regulated in the overexpression line, with differences of > 2-fold (Fig. 6A) . Enrichment analysis of DEGs identified 'metabolic pathways', 'plant-pathogen interaction' and 'plant hormone signal transduction' as the top annotated pathways (Fig. 6B) . For further functional categorization, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed using the KOBAS3.0 database for 204 down-regulated DEGs in the overexpression line. These were assigned to 15 KEGG pathways (P < 0.05), and 'alpha-Linolenic acid metabolism' is the most significantly enriched pathway (Supplementary Table S9 ). Most of the genes that are involved in JA synthesis and signaling transduction, such as GhLOX2, GhAOC, GhAOS, GhJAZ3 as well as GhbHLH, were significantly repressed in the overexpression line ( Table 1) . We verified the expression patterns of the DEGs in wild-type YZ1 and in the overexpressing lines (J39 and J92) by qRT-PCR under normal and 100 mM MeJA treatment. The results showed that all the selected GhJAZ genes and JA synthesis genes were repressed in Three independent experiments were performed; the error bars indicate the SDs. Asterisks indicate significant differences, *P 0.05, **P 0.01, Student's t-test.
overexpression lines under both normal and MeJA-treated conditions (Fig. 6C, D) .
GhJAZ2 negatively regulates a-linolenic acid metabolism and JA signaling by repressing the transcriptional activity of GhMYC2
GhJAZ2 was shown to interact with GhMYC2 in yeast (Fig. 3A) . To test further the effect of the interaction between GhJAZ2 and GhMYC2 in plant cells, we used a protoplast transient expression system as previously described . A schematic diagram of the vectors used in transient expression assays is shown in Supplementary Fig. S6 . Results showed that the luciferase (LUC)/Renilla LUC ratio of GAL4DB-GhMYC2 was significantly higher than that of GAL4DB. However, the increased LUC/Renilla LUC ratio was reduced when co-expressing GhJAZ2 and GhMYC2, indicating that GhJAZ2 acts as a Genes involved in a-linolenic acid metabolism were repressed in GhJAZ2-overexpressing cotton. Four-week-old overexpressing lines (J39 and J92) and YZ1 seedlings were treated with 100 mM MeJA. (E) Transient expression assays indicate that GhJAZ2 protein acts as a transcriptional repressor and represses the transcriptional activity of GhMYC2 in cotton protoplasts. (F) The expression of partial JA response genes was down-regulated in TRV:GhMYC2 plants. The relative expression patterns obtained were based on qRT-PCR analysis; GhUBQ7 (GenBank accession No. DQ116441) was used as the internal control to calculate and normalize the expression levels. Three independent experiments were performed; the error bars indicate the SDs. Asterisks indicate significant differences, *P 0.05, **P 0.01, Student's t-test.
transcriptional repressor of GhMYC2 in cotton protoplasts (Fig. 6E) .
Transcriptome analysis indicated that GhJAZ2 negatively regulates the expression of genes involved in a-linolenic acid metabolism and JA signaling in cotton. To investigate whether GhMYC2 mediates this process, we silenced the expression of GhMYC2 by virus-induced gene silencing (VIGS) in cotton plants. We verified the expression pattern of some genes involved in a-linolenic acid metabolism and JA signaling in TRV:00 and TRV:GhMYC2 plants by qRT-PCR under normal and 100 mM MeJA treatment. The results show that the expression of GhAOS and GhJAZ2 was significantly reduced in TRV:GhMYC2 plants (Fig. 6F) . This suggests that GhJAZ2 negatively regulates a-linolenic acid metabolism, and JA signaling partly depends on GhMYC2.
Overexpressing GhJAZ2 significantly enhanced sensitivity to salt stress Integration of the expression patterns suggests that GhJAZ2 plays important roles in stress tolerance. To verify our hypothesis, stress tolerance was tested by growing 4-week-old GhJAZ2 transgenic cotton seedlings in Hoagland solution containing 250 mM NaCl to simulate salt stress. The results show that the overexpression lines significantly decreased salt tolerance and had more withered leaves after 3 d of treatment (Fig. 7A) . In addition, after growing in culture medium with 200 mM NaCl for 13 d, two independent overexpressing transgenic lines (J39 and J92) showed more sensitivity to salt stress than the control (YZ1) and RNA interference (RNAi) lines (JR3 and JR13), but the difference between the control and RNAi lines was not significant (Fig. 7B) . Salt stress significantly inhibited the growth of the hypocotyl and root, and decreased the fresh weight in overexpression transgenic lines (Fig. 7C) . We concluded that overexpressing GhJAZ2 in cotton decreases tolerance to salt stress.
Transcriptome analysis indicates that GhJAZ2 participates in JA signaling in cotton. We analyzed the expression of JA signaling genes which were down-regulated in GhJAZ2 overexpression lines by using transcriptome data sets of G. hirsutum with salt treatments, and almost all the selected DEGs were significantly induced by salt stress (Fig. 7D) . We also analysed some DEGs in different transgenic lines under 200 mM salt treatment by qRT-PCR, and the results were consistent with the transcriptome data sets (Fig. 7E) .
Discussion
The JAZ gene family is a plant-specific subfamily of the TIFY gene family. To date, limited information is available about the expression and functions of this gene family in cotton. JAs are important regulators in plant responses to multiple stresses and participate in plant development; JA signaling is strictly regulated by JAZ proteins. In rice, 15 JAZ family members, and in Arabidopsis 12 members, have been identified by two highly conserved domains, ZIM and Jas (Chini et al. 2007 , Thines et al. 2007 , Ye et al. 2009 ). Based on the available genome and transcriptome data of four sequenced cotton species, we identified JAZ gene members located throughout the genome by alignment of the conserved domains. Recently in Arabidopsis it was found that a non-TIFY JAZ protein, JAZ13, repressed JA signaling by interacting with MYC2 and the co-repressor TPL (Thireault et al. 2015) . This work expanded the JAZ family The high quality total RNAs of the overexpressing line (J39) and control (YZ1) were sequenced by RNA-Seq quantification analysis using the BGISEQ-500 platform (BGI). We then used the NOIseq method to screen the differentially expressed genes (DEGs) with filtering parameters including a fold change ! 2 and probability ! 0.8.
and helped us deepen our understanding of the fine-tuning of JA signaling. We can expect that more JAZ family members with divergent ZIM or Jas domains will be identified in cotton in future studies. In addition, alternative splicing creates additional specialization of JAZ genes in Arabidopsis (Chung et al. 2010 , Moreno et al. 2013 . As a result, the alternative splicing of JAZ genes in cotton is of interest. In G. hirsutum, there are 30 JAZ genes forming 15 homologous gene pairs, and these gene pairs have high similarity, such as in gene structure. This is consistent with the fact that duplicate genes originating from the progenitors can evolve independently at the same rate and show few changes (Wang et al. 2010) . All experiments were repeated with at least four biological replicates (n = 5). **P 0.01 (the error bar indicates the SE of four replicates). (D) The expression of JA response genes was up-regulated by salt stress. The heat map analysis was performed based on the TM-1 transcriptome data sets under abiotic stresses and the expression values were normalized using Genesis. (E) The selected DEGs involved in JA signaling were induced by 200 mM NaCl treatment. Determination of statistically significant differences was performed between GhJAZ2-overexpressing seedlings (J39) and control (YZ1). The obtained relative expression patterns were based on qRT-PCR analysis; GhUBQ7 (GenBank accession No. DQ116441) was used as the internal control to calculate and normalize the expression levels. Three independent experiments were performed; the error bars indicate the SDs. Asterisks indicate significant differences, *P 0.05, **P 0.01, Student's t-test.
Selective pressure analysis indicates that purifying selection acted as a vital force in the evolution of JAZ gene families in one polyploid (G. hirsutum) and two diploid cotton species (Fig.  1C) . The average Ka and Ks values were higher in intergenomic contrast than in intragenomic contrast, which is consistent with the hypothesis that the divergence between the A and D genomes occurred before the formation of the allotetraploid species (Ma et al. 2016) . The study of SNP density is effective for revealing gene variation during domestication. In this study, the number of GhJAZ genes with SNPs in wild cotton was more than that of domesticated cotton plants, and the SNP density in the A subgenome was higher than that of the D subgenome in the gene body region (Fig. 1D) . Importantly, almost all of the genes with SNPs in exons were derived from the A subgenome, which is consistent with the previous study showing that the A subgenome might have evolved faster than the D subgenome (Zhang et al. 2015) . The promoter region plays a very important role in gene expression, and we found that the SNP density in the 2 kb upstream region in the D subgenome was much higher than that of the A subgenome. This result is different from that of the gene body, suggesting that the variations between the promoter region and gene body are different in the GhJAZ family.
JAZ proteins are transcriptional regulators with no putative DNA-binding domain, and the interactions between JAZ proteins and other proteins have provided exciting new insights into the regulatory mechanism of JAZ (Chini et al. 2016) . In the present study, homo-or heterodimeric interactions were found with GhJAZ proteins (Fig. 2) . Furthermore, some of the GhJAZ proteins were also found to interact with GhMYC2, GhMYC2a and GhNINJA (Fig. 3) , and these interactions are independent of the hormone, i.e. JA-Ile. These results indicate that the functions of JAZ in cotton might be in line with those in Arabidopsis. However, although GhJAZ2 strongly interacted in homo-and heteromeric interactions, these interactions were not entirely dependent on the ZIM domain, and the strong interactions occurred when the N-terminus and ZIM domains co-existed. These results indicate that there are some differences in regulating the interactions of JAZ between cotton and Arabidopsis (Fig. 2) . In addition, GhMYC2 and GhMYC2a have homology with AtMYC2, and contain the conserved JID domain; they showed different capacities for their interaction with GhJAZ proteins (Fig. 3A, B; Supplementary Fig. S4A ). The present study reveals that the JAZ proteins show conserved and different interaction patterns in cotton compared with Arabidopsis. On the one hand, GhJAZ proteins may have conserved functions, such as mediating JA signaling transduction, but some new regulatory mechanisms may exist in the JAZ family in cotton. Further studies should be conducted to determine the complete network of interactions.
In G. hirsutum, most of the genes were expressed at a significantly high level in the stem and root, suggesting that GhJAZ genes may play an important role in stem and root development (Fig. 4A) . The published transcriptome data showed that almost all of the GhJAZ genes exhibited varied expression in response to one or more abiotic stresses and most of them were significantly induced by heat and salt stresses (Fig. 4B) . The coexpression network indicates that GhJAZ genes may mediate multiple pathways to adjust cotton responses to stress (Fig.  4C) . Furthermore, various phytohormones (such as MeJA and ABA) and ROS (H 2 O 2 ) are by-products when plants suffer from harsh environmental conditions, which also up-regulate GhJAZ genes (Fig. 5) . Such a wide spectrum of stress and phytohormone responsiveness suggests that GhJAZ genes may play important regulatory roles in stress tolerance in cotton. The cis-element analysis revealed that various hormone-responsive cis-elements appear on most of the GhJAZ genes promoters, suggesting that the GhJAZ proteins may respond to multiple phytohormone signals (Supplementary Table S7 ). Cross-talk between JA and other phytohormones has been well summarized in previous studies, and the abundant interacting partners of JAZ proteins play key roles in these processes (Kazan and Manners 2013) . Our study shows that some GhJAZ genes are co-induced by MeJA and ABA, indicating that GhJAZ genes might mediate cross-talk between these two phytohormones. Previous studies have indicated that MYC2 is a target of JAZ proteins and acts as a master switch that regulates the interplay between ABA and JA signaling (Kazan and Manners 2013) .
Biotic stress and abiotic stress co-exist in nature, and the defense hormone JA is also involved in biotic stress. MeJA induced relatively more fluctuations in the transcript abundance of GhJAZ genes, suggesting that the critical transcriptional regulator JAZ proteins might play important roles in biotic stress defense responses. Consistent with our hypothesis, recent studies showed that overexpression of GhJAZ2 in cotton enhances the susceptibility to V. dahliae and insect herbivory (He et al. 2017) . Our results will guide future stress research into the JA signal pathway in cotton.
Transcriptome analysis shows that genes involved in a-linolenic acid metabolism and JA signaling are significantly repressed in transgenic cotton plants overexpressing GhJAZ2 (Fig. 6) . This result is consistent with the phenotype of overexpressing GhJAZ2 plants that showed less sensitivity to JA compared with controls in seedlings and ovules . Silencing the expression of GhMYC2 significantly repressed the expression of some JArelated genes, such as GhAOS and GhJAZ2. In Arabidopsis, MYC2 specifically binds the G-box and G-box-like sequences to regulate JA signaling genes (Chini et al. 2007 , Hou et al. 2010 . The ciselement analysis shows that there are G-box and G-box-like ciselements in the promoter region of almost all of the GhJAZ genes and partial genes involved in a-linolenic acid metabolism (Supplementary Table S7 ). The result of cotton protoplast transient expression analysis showed that GhJAZ2 acts as a transcriptional repressor and represses the transcriptional activity of GhMYC2 (Fig. 6E) . Our results suggest that the effect of GhJAZ2 in repressing the JA pathway partly depends on the repression of the transcriptional activity of GhMYC2 by GhJAZ2. This result is consistent with those of previous studies that demonstrated a feedback regulation of JA response genes by MYC2 (Chini et al. 2007 , Hou et al. 2010 .
Soil salinity reduces crop yields and limits areas of cultivation, with approximately 20% of irrigated land being affected (Negrao et al. 2017) . Ion toxicity (mainly Na + ), hyperosmotic stress and secondary stresses are the main effects of high salt levels (Zhu 2002) . Some researchers have indicated that the JA pathway positively regulates salt tolerance in plants. Exogenously applied JA or transgenic JA synthesis-related genes can effectively mitigate the damage of salt stress (Yoon et al. 2009 , Qiu et al. 2014 , Zhao et al. 2014 . Coronatine (COR) is structurally and functionally similar to JA, and regulates cotton resistance to salt stress in a dose-dependent manner. Low concentrations of COR (0.01 mmol l -1 ) have been found to enhance the resistance of cotton to salt stress by alleviating Chl degradation, regulating Na + and K + absorption and improving antioxidant capacity (Xie et al. 2015) . The transcriptome analysis of cotton revealed that some genes involved in JA biosynthesis and signaling transduction, such as LOX, AOS, AOC, OPR3, JAZ genes and MYC2, were significantly induced by salt stress (Yao et al. 2011) . This reveals that JA might play an important role in the cotton response to salinity. The JAZ proteins act as repressors of JA signaling and regulate many abiotic stresses. Our study shows that most of the GhJAZ genes and JA signaling genes are induced by salt stress, agreeing with previous studies (Yao et al. 2011) . Further study revealed that overexpressing GhJAZ2 in cotton significantly enhanced the sensitivity of plants to salt stress in a hydroponic culture and in growth media (Fig. 7) . The transcriptome analysis suggests that the expression of JA synthesis and signal transduction genes, such as GhLOX2, GhAOC, GhAOS and GhJAZ3, and bHLH transcription was repressed in GhJAZ2-overexpressing plants ( Table 1) . This inhibitory effect was also retained under salt stress. The inhibition of JA signaling may be one of the reasons for decreasing tolerance to salt stress in GhJAZ2-overexpressing plants.
The JAZ gene family is present as a multigene family in all the plant genomes studied to date. The conservation of the ZIM and Jas domains among JAZ repressors suggests a high level of functional redundancy among this family (Chini et al. 2016) . In Arabidopsis, the mutants of JAZ2 and JAZ3 lacking the Jas motif showed JA-insensitive phenotypes. In the jaz3 mutant, the degradation of some other JAZ proteins, such as JAZ1 and JAZ9, was greatly impaired (Chini et al. 2007) . In cotton, the expression patterns of GhJAZ genes were comprehensively analyzed. We found some genes with similar expression patterns, suggesting functional redundancy in the GhJAZ gene family. In our study, no significant differences in phenotype between wildtype and GhJAZ2 RNAi seedlings were found when they were subjected to salt stress, and GhJAZ2 might exhibit function redundancy with some other family members in the GhJAZ2 RNAi lines. Co-inhibition of these family members in GhJAZ2 RNAi lines may lead to a salt response in these plants.
In summary, we identified all putative JAZ genes in four cotton species and their sequence was systematically analyzed, with their evolution and variation, expression pattern, stress responsiveness, co-expression network and protein interactions. We also identified a member of the JAZ genes, i.e. GhJAZ2, which we suggest mediates JA signaling and regulates the salt stress response. Our results provide the molecular function and regulatory mechanism for the JAZ family genes, as well as providing a theoretical basis for cotton breeding.
Materials and Methods
Identification of the JAZ family genes from four sequenced cotton species
The available genomic databases of four sequenced cotton species, G. raimondii, G. arboreum, G. hirsutum and G. barbadense, were downloaded from https:// www.cottongen.org/data/download/genome#Ass. We used a batch BLAST program (https://www.cottongen.org/tools/batch_blast) based on the multiple sequence alignment results of the Arabidopsis JAZ protein sequences to identify JAZ genes in four cotton species. After removing the redundant sequences, complete amino acid sequences were analyzed with MEME (http:// meme-suite.org/index.html) to discover conserved motifs of JAZ genes in cotton. We designated these JAZ genes according to the chromosome location; the reported JAZ gene GhJAZ2 (Gh_D06G0810) kept its original name.
Phylogenetic analysis and multiple sequence alignments
A phylogenetic tree was constructed using the MEGA7 software by the Neighbor-Joining method with full predicted JAZ protein sequences of cotton (Kumar et al. 2016) . The evolutionary distances were computed using the Poisson correction method based on the units of the number of amino acid substitutions per site. For statistical reliability, the nodes of the tree were evaluated by bootstrap analysis with 1,000 replicates.
Multiple sequence alignments of the JAZ proteins were carried out using ClustalX (ver. 1.83) with default settings. The conserved domains were aligned and the conserved sites were checked manually for their corresponding amino acid residues, which were shaded using DNAMAN software. The sequence logo of the ZIM and Jas domains of the GhJAZ proteins was generated using WebLogo (http://weblogo.threeplusone.com/).
Genome synteny and variation analysis of JAZ genes in G. hirsutum
The JAZ gene sequences were extracted from G. hirsutum genomic data sets and assigned to the At and Dt subgenomes. The At and Dt reciprocal aligned sequences were obtained using BLASTN (e-value <1e-05). These homologous gene pairs were shown using a Circos plot. The ratio of non-synonymous substitutions per non-synonymous site (Ka) to synonymous substitutions per synonymous site (Ks) for the homologous gene pairs were calculated by the KaKs_Calculator procedure with the GMYN method (Zhang et al. 2006) .
Regarding the variation analysis of JAZ genes in the G. hirsutum population, we used our previously collected sequences from 31 wild cotton and 321 domesticated upland cotton plants. The SNP densities in the GhJAZ genes were calculated by custom Perl scripts. All the SNP data were downloaded from http://cotton.cropdb.org/cotton/download/data.php ).
Gene structure, chromosomal location and promoter analysis of JAZ genes in G. hirsutum
To obtain the exon/intron structures, the coding and genomic sequences of the GhJAZ genes were analyzed using the online Gene Structure Display Server (GSDS2.0) program (http://gsds.cbi.pku.edu.cn/). To map the GhJAZ genes onto cotton chromosomes, MapChart software was used to visualize the distribution of the genes on the G. hirsutum chromosomes.
The molecular weight and isoelectric point of each GhJAZ protein were calculated using the online ExPASy program (http://web.expasy.org/protparam/). The DNA sequences of the 1.5 kb region upstream of the initiation codon of each gene was downloaded, and the cis-elements were predicted by PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).
To investigate the expression pattern of the GhJAZ genes, the TM-1 transcriptome data sets corresponding to expression abundances in various tissues and abiotic stresses were obtained from NCBI (https://www.ncbi.nlm.nih.gov/ sra/?term=PRJNA248163) (Zhang et al. 2015) . The heatmap analysis was performed using Genesis (Sturn et al. 2002) .
Co-expression networks for GhJAZs
Thirty-two RNA-Seq data sets were obtained from 20 published cotton multiple responses to abiotic stress and 12 JAZ RNA-Seq data sets. Weighted gene co-expression network (WGCNA) analysis was performed as described previously (Langfelder and Horvath 2008) . For the JAZ genes, we used the Pearson correlation coefficient (PCC) to measure the co-expression relationship between the selected GhJAZ and abiotic stress DEGs (jPCCj > 0.6). These networks were visualized with Cytoscape software (Shannon et al. 2003) .
Plant materials and treatments
For the expression analysis, 4-week-old seedlings of G. hirsutum YZ1 were cultured in Hoagland solution under 16 h light/8 h dark conditions. To test the response to signaling substances and salt stress, the seedlings were treated with Hoagland solution containing 100 mM MeJA, 0.5 mM ABA, 8.8 mM H 2 O 2 or 200 mM NaCl. The leaves were collected at different time points, immersed in liquid nitrogen and then frozen at -80 C for subsequent RNA isolation.
To study the stress response of GhJAZ2, overexpressing lines (J39 and J92) and RNAi lines (JR3 and JR13) were generated in a previous study . For salt treatments, the cotton seeds of YZ1, overexpressing lines and RNAi lines were grown in solid culture media containing 200 mM NaCl. After 13 d, we measured the hypocotyl length and fresh weight of plants of each line. In addition, 4-week-old seedlings of each line were cultured in Hoagland solution containing 250 mM NaCl to simulate salt stress for 3 d.
Yeast two-hybrid (Y2H) assay
The Y2H assay was performed using the Matchmaker TM Gold Yeast Two-Hybrid system (Cat. No. 630489, Clontech). Gene-specific primers (Supplementary Table S10 ) were designed to clone full-length coding sequences of GhJAZ genes, GhMYC2 (Gh_D12G2074), GhMYC2a (Gh_D08G1707) and GhNINJA using YZ1 leaf cDNA as the template, and the sequences were inserted into the p GBKT7 and p GADT7 vectors to generate bait vectors and prey vectors, respectively. In addition, five truncated derivatives of GhJAZ2 were constructed into the P GBKT-7 vector. The bait vectors and prey vectors were transformed into Y2H and Y187 gold strains, respectively. The interactions between these proteins after mating were determined by the growth on SD medium with theTrp/-Leu (SD-2) and SD medium with the -Trp/-Leu/-His/-Ade/ + X-a-Gal (SD-4 + X-a-Gal) assay as described by the instruction manual (Cat. No. 630489, Clontech).
RNA sequencing and data analysis
For RNA-Seq analysis, leaves from 4-week-old seedlings of wild-type (YZ1) and GhJAZ2-overexpressing transgenic plants (J39) were collected. Total RNAs were extracted using the RNAprep Pure Plant Kit (Cat. #DP441, TIANGEN). The high quality total RNAs were sequenced by RNA-Seq quantification analysis using the BGISEQ-500 platform (BG), as previously published (Fehlmann et al. 2016) . RNA sequencing was carried out for two biological replicates, and at least 10 seedlings were used for each sample.
Gossypium hirsutum (TM-1) transcripts and genome sequences (BioProject ID: PRJNA248163) were used as references for read mapping and gene annotation. After removal of low quality reads, 21,629,026 (YZ1) and 22,321,673 (J39) high quality clean reads were generated. We then used the NOIseq method to screen the DEGs with filtering parameters including a fold change ! 2 and probability ! 0.8 (Tarazona et al. 2011) . The RNA-Seq data were deposited in the SRA at the National Center for Biotechnology Information (NCBI, http:// www.ncbi.nlm.nih.gov/sra/) with the accession number PRJNA362326.
Transcriptional activation function analysis
Transcriptional activation function analysis was performed as described previously with little modification . The full coding sequence (CDS) of GhMYC2 was cloned into the vector GAL4DB, and the full-length GhJAZ2 was cloned into vector None (Ohta et al. 2001) . The constructed vectors were each transformed into Escherichia coli strain TOP 10. The high quality and quantity plasmids were isolated using the TIANpure Mini Plasmid Kit II (Cat. # DP107-02) and transferred to cotton embryogenic callus protoplasts using the PEGcalcium method (Yoo et al. 2007 ). We performed a dual-luciferase assay to detect the LUC and Renilla LUC (Promega, Cat. no. E1910). The primers used for vector construction are listed in Supplementary Table S10. Virus-induced gene silencing (VIGS) in cotton VIGS was performed as described previously (Gao et al. 2013) . The 422 bp fragment of GhMYC2 was cloned into vector TRV2 to generate TRV:GhMYC2, and TRV:GbCLA1 (cloroplastos alterados 1) was used as positive control. The constructed vectors were transformed into Agrobacterium tumefaciens GV3101 by electroporation. We selected 1-week-old seedlings of G. hirsutum cv. 'YZ1' grown at 25 C with a 16 h/8 h light/dark photoperiod cycle climate incubator (Conviron ATC26, Canada) for agroinfiltration. The primers used for vector construction are listed in Supplementary Table S10. qRT-PCR analyses Total RNA was isolated by the modified guanidine thiocyanate method as described previously (Tu et al. 2007 ). For qRT-PCR analyses, RNA was reverse transcribed to cDNA using SuperScript III Reverse Transcriptase (Cat. No.18080-093, Invitrogen) in accordance with the manufacturer's instructions. The qRTPCRs were performed as described previously using an ABI Prism 7500 system (Applied Biosystems) . GhUBQ7 (GenBank accession No. DQ116441) was used as the internal control to calculate and normalize the expression levels. The comparative Ct (2 ÀÁÁCt ) method was used to calculate the fold changes between gene expression levels. Gene-specific primers for qRT-PCR were designed according to the cDNA sequences using Primer Premier 5.0 and synthesized commercially (Genscript Bioscience). The primers used for qRT-PCR analyses are listed in Supplementary Table S10 .
Supplementary data
Supplementary data are available at PCP online. 
